INTRODUCTION
============

Tumor angiogenesis is one of the typical characteristics for solid tumors ([@R1]--[@R3]). During tumor growth, the vasculature not only provides O~2~ and nutrients but also clears CO~2~ and metabolic wastes produced in tumor tissue ([@R4]). Moreover, the tumor vasculature also provides a transport pathway for tumor distant metastasis. Playing an important role in tumor growth, proliferation, and metastasis, tumor vessels have been recognized as a promising target for tumor treatment ([@R5], [@R6]). Consequently, tumor vascular disrupting agents (VDAs), as representative vascular targeting therapeutic agents, have been successfully developed for the treatment of a variety of tumor types ([@R7]). As one of the typical small-molecule VDAs in current clinical trial, DMXAA (5,6-dimethylxanthenone-4-acetic acid ASA404) could selectively target the tumor vascular endothelium, destroy the tumor vasculature, and cut off the tumor blood supply, leading to the ischemic necrosis of tumor cells ([@R8], [@R9]). It is reported that DMXAA has been widely studied in current clinical tumor therapy and has achieved some success in different tumor types ([@R8], [@R9]).

Although DMXAA can inhibit tumor growth and metastasis to some extent, the single dose, is unable to inhibit tumor growth for a long time, and long-term dosing is required. Thus, side effects caused by frequent dosing, including urinary incontinence, anxiety, visual impairment, and thrombosis, always appear ([@R10], [@R11]). Statistically, up to 83.9% of treated patients suffer from the varying degree of side effects. As a result, these adverse effects lead to a decreased quality of life and reduced treatment adherence of patients during therapy, causing difficulty maintaining continuous therapy and markedly decreasing the effectiveness of treatment ([@R12]).

In consideration of the remarkable limitations in current vascular disrupting therapy, we attempt to improve this therapy by combining it with photothermal therapy (PTT), an emerging therapy with spatiotemporal controllability and high efficiency ([@R13]--[@R16]). Hyperthermia can lead to injury of vascular endothelial cells in tumor tissues and decrease the repair ability of vascular, which may act as a complementary therapy for the vascular disrupting therapy. As a promising photothermal therapeutic agent, gold nanoparticles (AuNPs) have been intensively investigated for PTT ([@R17]--[@R19]). The photothermal conversion efficiency of AuNPs is closely related to the particle size. Only the large particles are equipped with high photothermal conversion efficiency for PTT ([@R20]). However, compared with the small AuNPs, the large ones exhibit shorter blood residence time and longer biological half-life, which are typically undesirable in biomedical applications ([@R21]). Therefore, controllably assembling small AuNPs into large aggregates may be a good strategy to solve the contradictory problem ([@R22], [@R23]). To our knowledge, DMXAA could selectively target the tumor vessels and activate the coagulation cascade, resulting in the assembling of soluble fibrinogen into insoluble gel-like fibrin within tumor vessels ([@R9]). Inspired by this special assembling behavior, we expect that DMXAA could be helpful in guiding the aggregation of AuNPs, achieving further photothermal ablation of tumor vascular.

Here, given that DMXAA can lead to the aggregation of fibrinogen, we prepared fibrinogen-conjugated AuNPs (fAuNPs) to achieve DMXAA-mediated fAuNPs aggregation for photothermally enhanced tumor vascular disruption (peTVD). Thus, the administration of DMXAA will lead to the disruption of tumor vessels and the activation of coagulation cascade. Once coagulation cascade is activated, the fAuNPs will assemble into insoluble clots in tumor vessels due to the fibrinogen aggregation. Afterward, near-infrared irradiation is performed for further photothermal ablation of tumor vascular and the combination of VDAs with PTT for enhanced tumor vascular disruption ([Fig. 1](#F1){ref-type="fig"}). To improve current vascular disrupting therapy, we developed a strategy for DMXAA-induced AuNPs aggregation in tumor vessels to combine VDA with PTT for combined tumor vascular disruption. The peTVD strategy would cause not only the tumor growth suppression through nutrient exchange blockage but also the tumor metastasis inhibition by cutting off the metastatic process. We expect that this peTVD strategy could effectively enhance tumor vascular damage, reduce dosing frequency, and avoid the side effects caused by frequent administration.

![The schematic diagram of peTVD strategy.\
The administration of DMXAA leads to the disruption of tumor vessels, which will induce the aggregation of AuNPs in tumor vessels. Afterward, near-infrared irradiation is performed for further photothermal ablation of tumor vascular, achieving the combination of VDAs with PTT for peTVD. Fb, fibrinogen.](abb0020-F1){#F1}

RESULTS
=======

In vitro aggregation behavior of fAuNPs
---------------------------------------

In response to bleeding, the prothrombin in plasma is activated to thrombin followed by converting soluble fibrinogen into insoluble fibrin clots ([@R24]). First, the aggregation of fAuNPs with the treatment of thrombin was studied in vitro ([Fig. 2A](#F2){ref-type="fig"}). The morphology change of the nanoparticles was observed with transmission electron microscope (TEM). It was observed that the monodispersed fAuNPs could be assembled into aggregates with the addition of thrombin ([Fig. 2B](#F2){ref-type="fig"} and fig. S1). The stability of fAuNPs was tested, which was found to exhibit high dispersity in various mediums, including deionized water, phosphate-buffered saline (PBS), and serum (fig. S2). To further characterize the aggregation of fAuNPs in solution, the hydrodynamic sizes before and after aggregation were measured with dynamic light scattering. The average hydrodynamic sizes of as-prepared AuNPs and fAuNPs were around 43.8 and 78.8 nm, respectively ([Fig. 2C](#F2){ref-type="fig"}), and the increased size of fAuNPs was attributed to the fibrinogen molecules conjugation on the particles. After the addition of thrombin (0.15 μM), the hydrodynamic sizes quickly increased within a few minutes and eventually reached 342.0 nm ([Fig. 2C](#F2){ref-type="fig"}), confirming the aggregation of fAuNPs with thrombin. In general, the aggregation behavior of AuNPs would be accompanied by the ultraviolet (UV) absorption spectrum transformation ([@R25], [@R26]). The UV absorption spectra of fAuNPs before and after aggregation were measured by UV-visible (UV-vis) absorption spectrometry. As shown in [Fig. 2D](#F2){ref-type="fig"}, the monodispersed AuNPs and fAuNPs showed a characteristic absorption peak at around 530 nm, while another absorption peak appeared at near-infrared (NIR) region after the addition of thrombin, indicating the formation of aggregates. In addition, the increased *A*~650~/*A*~530~ values after the addition of thrombin also manifested the aggregation of fAuNPs ([Fig. 2E](#F2){ref-type="fig"}, where *A*~650~ is the absorption value at 650 nm and *A*~530~ is that at 530 nm).

![The aggregation of fAuNPs in vitro.\
(**A**) Schematic representation of thrombin-induced aggregation of fAuNPs. (**B**) TEM images of solutions containing fAuNPs in the absence (left) and presence (right) of thrombin. (**C**) Hydrodynamic sizes of AuNPs, fAuNPs, and aAuNPs in the absence and presence of thrombin. a.u., arbitrary units. UV-vis absorption spectra (**D**) and the corresponding absorption values (**E**) of AuNPs, fAuNPs, and aAuNPs in the absence and presence of thrombin. Photothermal images (**F**) and corresponding photothermal conversion curves (**G**) of PBS, fAuNPs, and aAuNPs upon laser irradiation (808 nm, 1 W cm^−2^).](abb0020-F2){#F2}

The strong absorption peak in NIR region thus gives aggregated AuNPs (aAuNPs) enough photothermal conversion ability, which is potentially applied in PTT ([@R25], [@R26]). After confirming the aggregation behavior of fAuNPs, the photothermal conversion ability of aAuNPs was further studied. According to [Fig. 2 (F and G)](#F2){ref-type="fig"}, the temperature of the aqueous solution containing aAuNPs increased by 22.1°C under the 808-nm laser irradiation (1 W cm^−2^, 8 min), while the temperature of the AuNPs solution and PBS only increased by 4.2° and 2.2°C, respectively. These results indicated that fAuNPs could be assembled into aggregates under coagulation mechanism, which would have the potential to be applied in PTT.

In vivo tumor targeting and aggregation of fAuNPs
-------------------------------------------------

After investigating the in vitro aggregation of fAuNPs, the in vivo targeting and aggregation were further studied. Currently, as a small-molecule VDA in clinical trial, DMXAA selectively targets and disrupts tumor vessels, leading to a hemorrhage within tumors. As shown in fig. S3A, tumors treated with DMXAA displayed more hemorrhage sites compared to the control, demonstrating the disruption of tumor vessels by DMXAA. In general, hemorrhage would lead to subsequent platelets activation and coagulation cascade accompanied by the conversion of fibrinogen into fibrin in hemorrhage sites for hemostasis. To confirm whether fibrinogen could target to the hemorrhage sites, we intravenously coinjected fluorescein isothiocyanate--labeled fibrinogen (FITC-fibrinogen) with DMXAA into the mice. The tumors were harvested 4 hours after administration of DMXAA and stained with 4′,6-diamidino-2-phenylindole (DAPI) (for the cell nucleus, blue) and anti-CD31 antibody (for the vessels, red). It was observed that DMXAA-treated tumors exhibited conspicuous fluorescence of FITC-fibrinogen within tumor vessels, while no obvious FITC-fibrinogen was observed in PBS-treated tumors (fig. S3B). These results confirmed that DMXAA could specifically induce hemorrhage in tumors and further direct the fibrinogen to the hemorrhage sites.

Then, the targeting of fAuNPs to tumor region through selectively induced coagulation cascade by DMXAA was studied. The tumor targeting of fAuNPs was firstly studied by in vivo fluorescence imaging system. As displayed in [Fig. 3A](#F3){ref-type="fig"}, after the DMXAA injection, the fluorescence intensity in tumor increased gradually within 12 hours, which suggested a rapid accumulation of fAuNPs in tumors. In contrast, no obvious change of the fluorescence intensity was observed in tumors without the treatment of DMXAA, and the intratumoral fAuNPs contents at 12 and 24 hours after DMXAA injection were, respectively, 2.6- and 2.1-fold higher than that of control groups ([Fig. 3B](#F3){ref-type="fig"}), indicating that DMXAA treatment could effectively direct the fAuNPs into tumors. Images from three-dimensional (3D) reconstructed transillumination fluorescent imaging also showed that the treatment of DMXAA was efficient in inducing tumor-specific accumulation of fAuNPs ([Fig. 3C](#F3){ref-type="fig"}). To further confirm the in vivo tumor-targeted efficiency of fAuNPs under DMXAA treatment, the content of Au in tumor tissues and major organs (spleen, liver, kidney, lung, and heart) was determined by using inductively coupled plasma mass spectrometry (ICP-MS). As shown in [Fig. 3D](#F3){ref-type="fig"}, all the groups had high levels of Au contents in the liver, spleen, lung (reticuloendothelial system), and kidney. As for the tumors, DMXAA-treated group showed apparently higher Au content at 12 and 24 hours than that of the control group. In general, AuNPs have the high elemental atomic number and efficient x-ray absorption property, which provide superior contrast for the computed tomography (CT) imaging ([@R27]). Micro-CT imaging was performed to measure the AuNPs content in tumor tissues for further evaluating the in vivo tumor-targeting efficiency. Images in [Fig. 3 (E and F)](#F3){ref-type="fig"} revealed that enhanced micro-CT signal in tumor after treatment with DMXAA, further demonstrating the tumor-specific accumulation of fAuNPs with DMXAA treatment.

![Tumor targeting and aggregation of fAuNPs in vivo.\
(**A**) In vivo fluorescence images of CT26 tumor-bearing mice following administration of fAuNPs or fAuNPs + DMXAA at different time points. The in vivo fluorescence of Cy5 was used to determine the accumulation of fAuNPs. (**B**) Corresponding relative fluorescence intensity at tumor sites after administration of fAuNPs or fAuNPs + DMXAA. For quantitative comparison, the regions of interest were drawn over tumor. (**C**) 3D reconstructed transillumination fluorescent imaging for revealing the accumulation of fAuNPs in tumors with DMXAA treatment. (**D**) Biodistribution of fAuNPs at 12 and 24 hours after injection of fAuNPs with or without DMXAA treatment. (**E**) Micro-CT images of CT26 tumor bearing mice at 0 and 12 hours after injection of fAuNPs with or without DMXAA treatment. (**F**) Corresponding relative CT signal in tumor sites at 12 hours after injection of fAuNPs with or without DMXAA treatment. The CT signal was estimated by calculating the gray values of tumors. (**G**) Photoacoustic images of CT26 tumor at 0 and 12 hours after injection of fAuNPs with or without DMXAA treatment. (**H**) Photothermal images of CT26 tumor bearing mice at 12 hours after injection of PBS, fAuNPs, or fAuNPs + DMXAA upon laser irradiation (808 nm, 1 W cm^−2^). (**I**) Corresponding tumor temperature variation curves at 12 hours after injection of PBS, fAuNPs, or fAuNPs + DMXAA upon laser irradiation. Data are shown as the means ± SD. The results are representative of three independent experiments. Significance between each group was calculated using analysis of variance (ANOVA) with Tukey's post hoc test. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001.](abb0020-F3){#F3}

After investigating the tumor targeting of fAuNPs with DMXAA treatment, whether the coagulation cascade could also lead to the aggregation of fAuNPs in tumor as well was further studied. The aggregation of fAuNPs would result in strong absorption in NIR region, which could give aAuNPs high photoacoustic signal and photothermal conversion capability. The photoacoustic imaging was performed to confirm the aggregation of fAuNPs in tumor. It was observed that the tumor treated with DMXAA showed an obvious photoacoustic signal at 12 hours after injection, while a negligible photoacoustic signal was observed in tumor treated with PBS ([Fig. 3G](#F3){ref-type="fig"}). Meanwhile, the photothermal imaging was also performed to confirm the aggregation of fAuNPs in tumor. As displayed in [Fig. 3 (H and I)](#F3){ref-type="fig"}, the tumor local temperature in DMXAA-treated group was raised by 26.7°C after 10 min of irradiation with 808-nm laser (1 W cm^−2^), while the temperature of control tumor was only raised by 5.6°C. These results indicated that the administration of DMXAA was efficient in inducing tumor-specific accumulation and aggregation of fAuNPs in vivo, thus making it possible to achieve the combination of DMXAA with PTT for peTVD.

Tumor vascular disruption
-------------------------

Next, the ability of peTVD strategy to effectively disrupt the tumor vascular was assessed. CD31, a typical vascular endothelial cell marker, was staining on tumor sections to visualize the tumor vessels. CT26 tumor-bearing mice were treated with peTVD or control formulations through intravenous injection, and the intratumoral microvessel density (MVD) of tumors was measured after 24 hours. Confocal images in [Fig. 4A](#F4){ref-type="fig"} and fig. S4 show that tumor sections from control groups exhibited strong CD31 fluorescence, demonstrating the high MVD of tumors, while a much weaker of CD31 fluorescence signal was observed in peTVD-treated tumors compared with DMXAA- or PBS-treated groups. It was observed from [Fig. 4B](#F4){ref-type="fig"} that the peTVD-treated tumors exhibited a 63.5% decreased intratumoral MVD, confirming a fine vascular disruption ability of peTVD treatment.

![Tumor vascular disruption.\
Images (**A**) and quantification (**B**) of tumor vessels in different groups. MVD was estimated by calculating the number of CD31^+^ vessel (red) on eight fields from three tumors per group. Scale bars, 200 μm. Images (**C**) and quantification (**D**) of the permeability of tumor vessels in different group by FITC-dextran. Intratumoral leakage area was estimated by calculating dextran^+^ area (green) in a percent per total area on eight fields from three tumors per group. Scale bars, 100 μm. Inset scale bars, 20 μm. Images (**E**) and quantification (**F**) of perfusion of tumor vessels in different group by FITC-lectin. The tumor perfusion area was estimated by calculating lectin^+^ area (green) in a percent per CD31^+^ area (red) on eight fields from three tumors per group. Scale bars, 100 μm. Inset scale bars, 20 μm. (**G**) Representative tumor images and the Evans blue content in different group treated with Evans blue. CT26 tumor-bearing mice with different treatments were injected intravenously with Evans blue (5%). The tumors were harvested and photographed after 3 hours (inset). Then, the tumors were soaked in formamide for 3 days to extract the Evans blue. The Evans blue were quantified by measuring the absorption at 620 nm with UV-vis spectrophotometer. Micro-CT images (**H**) and quantification (**I**) of tumor vessels in different group (*n* = 3) visualized by CT angiography. The CT signal was estimated by calculating the gray values of tumors. Data are shown as the means ± SD. The results are representative of three independent experiments. Significance between each group was calculated using ANOVA with Tukey's post hoc test. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001.](abb0020-F4){#F4}

Vascular collapse would lead to the increased vessel permeability, reduced vascular perfusion, and declined blood flow ([@R28]). Next, the permeability of tumor vessels was investigated through surveying the vascular leakage by FITC-labeled dextran ([@R29]). FITC-labeled dextran was intravenously injected at 24 hours after treatment of peTVD, and the tumors were harvested 30 min later. Compared with the control group, tumor sections in peTVD-treated mice exhibited a 3.5-fold increase in dextran leakage ([Fig. 4, C and D](#F4){ref-type="fig"}). Even when compared with the DMXAA-treated mice, tumor vessels in peTVD-treated mice still showed a 2.0-fold increase in dextran leakage, manifesting a further disruption of tumor vessels on basic of DMXAA ([Fig. 4, C and D](#F4){ref-type="fig"}). To further evaluate the vascular disruption ability of peTVD, the perfusion of tumor vessels was evaluated through intravenous injection of FITC-labeled lectin ([@R29]). Consistent with above results, peTVD treatment effectively decreased the tumor vascular perfusion in comparison with PBS and DMXAA, which were found to be decreased by 78.3 and 58.9%, respectively ([Fig. 4, E and F](#F4){ref-type="fig"}). Evans blue, a macromolecular dye for blood volume determination, was also used to investigate the perfusion of tumor vascular ([@R30], [@R31]). Evans blue was intravenously injected into the mice at 24 hours after treatment of mice with peTVD, and subsequently, the tumors were harvested 3 hours later. As shown in [Fig. 4G](#F4){ref-type="fig"}, when compared with control, the peTVD treatment led to a 55.3% decrease permeability and retention for Evans blue in solid tumors, indicating a significant decrease in tumor vascular permeability. To further assess vascular disruption ability of peTVD, the 3D structure of vessels was visualized by CT angiography. After 24-hour treatment of mice with peTVD, tumors were perfused with CT contrast agents, and the vessels were observed by micro-CT imaging. It was observed that the angiography agents in control group spread throughout the tumor vessels, manifesting the intact vasculature of tumors treated with PBS, while peTVD-treated tumor showed discontinuous distribution of contrast agents and weaker CT signal in tumors, indicating that the tumor vasculature was destroyed by peTVD treatment ([Fig. 4, H and I](#F4){ref-type="fig"}). Together, those findings suggested that tumor vessels in peTVD-treated mice showed increased vessel permeability and reduced vascular perfusion, confirming that the peTVD strategy could effectively destroy the tumor vessels for tumor treatment.

Metabolomic analysis
--------------------

Given that the vasculature plays an important role in substance exchange, the intratumoral vascular disruption might lead to dysfunction of substance exchange and further result in abnormal tumor metabolism. Here, metabolomic analysis on the CT26 tumor models was conducted to evaluate changes in tumor metabolism with peTVD treatment. The abundance of metabolites in tumors treated with peTVD or PBS was identified by gas chromatography--mass spectrometry (GC-MS) analysis ([@R32]). As shown in [Fig. 5A](#F5){ref-type="fig"}, 69 kinds of metabolite were identified, and these metabolites could be classified into two unsupervised horizontal clusters by cluster analysis. The principal components analysis (PCA) was also used to analyze the metabolite content in peTVD-treated tumors, which was found to be highly different from that of control groups ([Fig. 5B](#F5){ref-type="fig"}). Besides, the fold change of the metabolite contents in tumors with peTVD treatment against tumors with PBS treatment was calculated, and most of the metabolites (61 of 69) decreased after peTVD treatment ([Fig. 5C](#F5){ref-type="fig"}), which may owe to the nutrition supply deficiency caused by vascular disruption.

![Metabolomic analysis.\
(**A**) Heat map representation and cluster analysis of 69 kinds of metabolites in CT26 tumors after treatment with PBS and peTVD. (**B**) PCA of the metabolites with obvious differences between the PBS and peTVD groups. (**C**) Fold change (FC) of the metabolite content after treatment with peTVD. Log~2~(FC) \> 0 (black) represent the increase of metabolite content Log~2~(FC) \< 0 (blue) represent the decrease of metabolite content. (**D**) Bubble diagram of differential metabolites enriched in various Reactome pathways. Bubble diameters represent the number of metabolites in each pathway. Bubbles were pseudocoloured to show the number of metabolites in each pathway. (**E**) Heat map of significantly enriched pathways in "metabolism" after treatment with PBS and peTVD. TCA, tricarboxylic acid. (**F**) Reaction network diagram of metabolism process annotated in the Reactome database. (**G**) Reaction network diagram of "transport of small molecular" process annotated in the Reactome database. The changed pathways were highlighted in blue, while unchanged pathways were colored with gray. (**H**) Heat map of significantly enriched pathways in transport of small molecular after treatment with PBS and peTVD. Three biological replicates are shown. HDL, high density lipoprotein.](abb0020-F5){#F5}

Furthermore, Reactome database, an open source for analyzing biological responses and pathways, was applied to evaluate the metabolic changes with peTVD treatment ([@R32]). Among these biological responses and pathways, the metabolism pathway and transport of small molecules exhibited low false discovery rate values and high enrichment ([Fig. 5D](#F5){ref-type="fig"} and fig. S5). According to table S1, 30.0% of reactions (found: 665; total: 2218) in the network of metabolism pathways were changed after peTVD treatment. Meanwhile, 39.4% of reactions (found: 172; total: 437) in the pathway of transport of small molecules were affected. Specifically, the activity of main metabolic processes in metabolism pathway (including integration of energy metabolism, metabolism of nucleotides, vitamin and cofactors, carbohydrates, amino acid, lipid metabolism, tricarboxylic acid cycles, and biological oxidation) was further analyzed, which was found to decrease in nearly all the processes ([Fig. 5E](#F5){ref-type="fig"}). This result was further confirmed by Reactome database analysis ([Fig. 5F](#F5){ref-type="fig"}). These results demonstrated that tumor vessel disruption by peTVD could suppress tumor metabolism by limiting the activity of metabolic processes. What is more, the changes in the affiliated pathway of transport of small molecules were also studied by Reactome database analysis ([Fig. 5G](#F5){ref-type="fig"}). Obvious changes in 16 identified pathways were listed in a heat map, and most of them (14 of 16 pathways) were inhibited ([Fig. 5H](#F5){ref-type="fig"}). From this analysis, the peTVD strategy was found to inhibit the tumor metabolism in a global perspective.

In vivo therapeutic effect
--------------------------

The in vivo therapeutic effect of peTVD was further investigated on CT26 tumor-bearing mice. Female BALB/c mice were xenografted with CT26 tumor by subcutaneous injection of CT26 tumor cells on their right flank. When the tumor volumes reached to ∼100 mm^3^, the mice were randomly divided into five groups and treated, respectively, with PBS, fAuNPs with NIR, DMXAA, fAuNPs + DMXAA, and fAuNPs + DMXAA with NIR (peTVD) through tail vein injection. The tumor volume of mice in each group was measured every 2 days. As shown in [Fig. 6A](#F6){ref-type="fig"}, obvious inhibition of tumor growth with 92.6% tumor suppression was observed in peTVD-treated group, exhibiting an outstanding therapeutic efficacy compared with other groups. Besides, the tumor weight and tumor images on the 20th day also indicated the extraordinary therapeutic effect of peTVD ([Fig. 6, B and C](#F6){ref-type="fig"}). Next, hematoxylin and eosin (H&E) staining and immunofluorescence staining of Ki-67 were used to assess the in vivo therapeutic effect. peTVD-treated group showed an obviously increased necrosis and notably decreased Ki-67 fluorescence intensity ([Fig. 6D](#F6){ref-type="fig"}), indicating the inhibition of tumor proliferation after treatment. The weights of mice in all five groups showed no obvious change during the treatment, and the section of major organs (heart, liver, spleen, lung, kidney) stained with H&E did not exhibit abnormality, demonstrating negligible systemic toxicity of those treatments ([Fig. 6E](#F6){ref-type="fig"} and fig. S6). The survival of mice with various treatments was further assessed. As shown in [Fig. 6F](#F6){ref-type="fig"}, 75% of the mice in peTVD-treated group were still alive at the 60th day, while PBS-treated mice only survived for 33 days. This phenomenon could likely be attributed to the tumor growth suppression of peTVD. The antimetastasis ability of peTVD was evaluated by H&E staining. No obvious metastasis was found in peTVD-treated group, while all other groups showed metastasis in the lung to some extent ([Fig. 6G](#F6){ref-type="fig"}), confirming good antimetastasis ability of peTVD. peTVD exhibited efficient tumor suppression and metastases inhibition ability, which may be an effective strategy for tumor treatment.

![In vivo therapeutic effect.\
(**A**) Tumor volumes of mice with different treatments. Tumor volume was measured every 2 days up to 20 days. Six biological replicates are shown. (**B**) Tumor weights of mice with different treatments. Tumor weight was measured at the 20th day. Six biological replicates are shown. (**C**) Representative tumor images of mice with different treatments. Three representative images are shown. (**D**) H&E staining and Ki-67 immunofluorescence staining of tumors from mice with different treatments. Scale bars, 200 μm. (**E**) Body weights of mice with different treatments. Body weight was measured every 2 days up to 20 days. Six biological replicates are shown. (**F**) The survival curve of mice with different treatments. Eight biological replicates are shown. (**G**) H&E staining images of lungs from mice with different treatments. The arrows indicate the metastasis. A representative image of three biological replicates is shown. Data are shown as the means ± SD. Significance between each group was calculated using ANOVA with Tukey's post hoc test. \*\**P* \< 0.01 and \*\*\**P* \< 0.001.](abb0020-F6){#F6}

Subsequently, the comprehensive safety of the peTVD strategy was evaluated both in vitro and in vivo. According to the in vitro hemolysis assay in fig. S7A, after addition into the plasma, neither DMXAA nor fAuNPs caused hemolysis, indicating high blood compatibility of the peTVD strategy. The platelet aggregation assay was also performed to further prove the blood compatibility of this peTVD strategy, As shown in fig. S7B, DMXAA and fAuNPs did not induce observable platelet aggregation, demonstrating that peTVD had no risk of thrombosis. This result was also found in blood coagulation tests \[including activated partial thromboplastin time (APTT), prothrombin time (PT), fibrinogen-FIB, and thrombin time (TT)\]. After treatment with peTVD, no significant changes were observed in blood coagulation parameters compared to the control group (fig. S8 and table S2). In addition, the blood biochemistry test and blood routine examination were further studied to confirm the safety of the peTVD strategy, and no significant difference in blood parameters after treatment with peTVD could be detected (fig. S9 and table S3), further manifesting good blood compatibility of peTVD strategy.

Comparison of peTVD with clinical therapies
-------------------------------------------

Surgical resection, radiotherapy, and chemotherapy are the three most common therapies for clinical tumor treatment ([@R33]). Here, the therapeutic effect was compared between peTVD and these clinical therapies. Female BALB/c mice were xenografted with CT26 tumor by subcutaneous injection of luciferase-expressed CT26 cells (luc-CT26) on their right flank. When the tumor volumes reached to ∼100 mm^3^, the mice were randomly divided into five groups (five mice per group) and treated with PBS, surgical resection, chemotherapy, radiotherapy, and peTVD, respectively. The tumor growth was monitored with the bioluminescence imaging every 7 days. As shown in [Fig. 7 (A to C)](#F7){ref-type="fig"}, the chemotherapy and radiotherapy could inhibit tumor growth to a certain extent, and the surgical resection eliminated almost all the tumor tissue at early stage, but tumor recurrence appeared eventually. Compared with those clinical therapies, peTVD treatment could effectively suppress tumor growth with a 95.2% of suppression, and this result may be related to the significant increase in animal survival. As shown in [Fig. 7D](#F7){ref-type="fig"}, mice treated with surgical resection, chemotherapy, and radiotherapy only survived for 42, 46, and 50 days, respectively, while 62.5% of the mice in peTVD-treated group were still alive at the 60th day.

![Comparison of peTVD strategy with clinical therapies.\
Bioluminescence images (**A**) and relative bioluminescence intensity (**B**) of subcutaneous luc-CT26 tumor-bearing mice after treatment with peTVD and clinical therapies. Bioluminescence imaging was performed every 7 days. Five biological replicates are shown. Blank boxes indicate dying mice. (**C**) The tumor inhibition rates of mice after treatment with peTVD and clinical therapies. (**D**) The survival curve of mice with different treatments. Eight biological replicates are shown. (**E**) Representative bioluminescence images of mice after treatment with peTVD and clinical therapies. (**F**) H&E staining of lungs from mice after treatment with peTVD and clinical therapies. The arrowheads indicate the metastasis. A representative image of three biological replicates is shown. Data are shown as the means ± SD. Significance between each group was calculated using ANOVA with Tukey's post hoc test. \*\**P* \< 0.01 and \*\*\**P* \< 0.001.](abb0020-F7){#F7}

The antimetastasis abilities of peTVD strategy and these clinical therapies were also compared by bioluminescence imaging. According to the images in [Fig. 7E](#F7){ref-type="fig"}, surgical resection, radiotherapy, and chemotherapy treatment all caused lung metastasis to some degree, while peTVD treatment apparently reduced metastasis, confirming its good antimetastasis ability. Consistent with these findings, the antimetastasis ability assayed by H&E staining also exhibited the same result ([Fig. 7F](#F7){ref-type="fig"}). Those results indicated that peTVD strategy could more effectively suppress tumor growth and inhibit tumor metastases as compared with the clinical therapies, and peTVD strategy may be a promising therapy for tumor treatment in the future.

DISCUSSION
==========

In this study, an enhanced tumor vascular disruption strategy was developed though the combination of VDAs with PTT. Activated by DMXAA, the coagulation-mediated fibrinogen aggregation resulted in fAuNPs assembly to form large aggregates to further destroy tumor vascular by photothermal effect. As a result, this strategy could effectively disrupt the tumor vascular and cut off the nutrition supply of the tumor. The therapeutic efficacy of peTVD strategy was evaluated in mice tumor models, which was found to have potential in tumor therapy. Coincidentally, the tumor vascular disruption by peTVD could also prevent the spread of tumor cells from entering the circulatory system. Furthermore, compared with clinical therapies, peTVD displayed better antitumor effect and antimetastasis ability. This combination therapy could effectively enhance the tumor vascular disruption, which may be helpful in reducing the dosing frequency and the dose-dependent side effects of vascular targeting therapy.

Our approach was aimed at improving the current vascular disrupting therapy by combining it with PTT. On the basis of the function of DMXAA, the AuNPs was assembled with the aggregation of fibrinogen to achieve the PTT. The AuNPs have been investigated for a variety of applications in current clinical trials, and the fibrinogen has also been approved by U.S. Food and Drug Administration as well-established biomaterials ([@R34], [@R35]), which have been proved to be safety in a large number of clinical cases. Thus, the positive biological effect and safety of these drugs made it promising for the clinical application. Besides, the PTT is superior in spatiotemporal controllability and high efficiency, which could selectively destroy the tumor tissues. Hyperthermia can also lead to the tumor vascular damage, acting as a great complementary therapy for the vascular disrupting therapy. In comparison with the preexisting vascular disrupting therapy, our approach displayed a better antitumor effect and antimetastasis ability in murine models with just one dose. It is expected that our approach could effectively reduce the dose-dependent side effects of drugs and might be a promising therapy for tumor treatment.

However, this study still has some limitations. First, owing to the limitation of tissue penetration capacity of light, PTT cannot influence the deep tissue of organism so that our strategy is not applicable for the internal tumors. Besides, the long-term toxicity and metabolism of materials are needed to be well studied. Furthermore, the detailed dose optimization is still required before this strategy can be further tested in large animal models.

In conclusion, this study described a polymerization reaction-mediated AuNPs assembly, which could be induced by coagulation cascade initiated with VDAs. In this study, with the combination of DMXAA, the AuNPs assembly was successfully induced to further disrupt the tumor vascular by PTT in murine tumor models, achieving the tumor growth and metastasis inhibition. Although this improved therapy still exists in the initial stage, we believe that it may have potential in offering previously unidentified sights to improve the current cancer therapies.

MATERIALS AND METHODS
=====================

Study design
------------

The objective of this study was to improve the current tumor vascular disrupting therapy for reducing the side effects caused by frequent dosing. We found that functional mechanism of DMXAA could guide the aggregation of AuNPs, which could achieve a further tumor vascular damage through photothermal effect. We attempted to combine the DMXAA-directed vascular damage with photothermal ablation of vascular for enhanced tumor vascular disruption to reduce dosing frequency. Mice treated with this improved vascular disrupting therapy exhibited superior tumor vascular damage than DMXAA alone. Through metabolomic analysis, we found that this therapy could inhibit the tumor metabolism in a global perspective through just one dose, which exhibited efficient tumor suppression and metastases inhibition ability. Compared with clinical therapies, this improved strategy also showed preferable inhibition of tumor growth and metastasis, which may be a promising therapy for tumor treatment in the future.

Animal
------

Experimental protocols were approved by the Institutional Animal Care and Use Committee of the Animal Experiment Center of Wuhan University (Wuhan, China). All animal experimental procedures were performed in accordance with the Regulations for the Administration of Affairs Concerning Experimental Animals approved by the State Council of People's Republic of China. Unless otherwise mentioned, female BALB/c mice were xenografted with CT26 tumor by subcutaneous injection of CT26 cells on their right flank.

Preparation of AuNPs and fAuNPs
-------------------------------

To prepare AuNPs, trisodium citrate (5 mg) was added rapidly to the HAuCl~4~ solution (0.01%, 50 ml) followed by heating under reflux for 8 min. The prepared AuNPs were stored in 4°C for later use.

The fAuNPs was prepared by mixing the as-prepared AuNPs with fibrinogen in tris-HCl buffer (20 mM, pH 7.4) for 30 min. The fibrinogen molecules readily conjugated to AuNPs through electrostatic and hydrophobic interactions. The unreacted fibrinogen molecules were removed by centrifugation at 15,000*g* for 20 min. The fAuNPs were stored in 4°C for later use.

Fluorescence labeling
---------------------

FITC-fibrinogen was prepared by directly reacting between FITC and fibrinogen. In brief, the fibrinogen (5 mg ml^−1^) was mixed with FITC (1%) in PBS and reacted at room temperature for 4 hours. The unbound FITC was removed by dialysis for several times.

The labeling of fAuNPs was conducted with Cy5--*N*-hydroxysuccinimide (NHS) in PBS buffer at pH 7.4. Ten milligrams of fAuNPs was suspended in 5 ml of PBS buffer. Cy5-NHS (1%) were added to the fAuNPs solution and stirred for 4 hours. The products were then collected and purified with ultrafiltration membranes (molecular weight cutoff of 10 kDa) to remove unbound dyes.

The targeting of FITC-fibrinogen with DMXAA treatment
-----------------------------------------------------

Female BALB/c mice with CT26 tumors (1 × 10^6^ CT26 cells per mouse) inoculated on their right flank were used. When the tumor volume reached to \~100 mm^3^, the mice were intravenously injected with PBS or DMXAA (15 mg kg^−1^qollowed by injection of FITC-fibrinogen (2 mg ml^−1^, 100 μl). After 4 hours, the mice in different groups (three mice per group) were sacrificed, and tumors were collected. Subsequently, these tumors were submitted to frozen section and were stained with DAPI (cell nucleus, blue) and anti-CD31 (vessel, red). Images were obtained on a fluorescent microscope.

In vivo fluorescence imaging
----------------------------

Female BALB/c mice with CT26 tumors (1 × 10^6^ CT26 cells per mouse) inoculated on their right flank were used for in vivo fluorescence imaging. When the tumor volume reached to \~100 mm^3^, the mice were intravenously injected with PBS or DMXAA (15 mg kg^−1^) followed by injection of fAuNPs (1 mg ml^−1^, 100 μl). Then, the in vivo fluorescence imaging was performed on an IVIS Spectrum (PerkinElmer) at different time points.

In vivo biodistribution of fAuNPs
---------------------------------

Female BALB/c mice with CT26 tumors (1 × 10^6^ CT26 cells per mouse) inoculated on their right flank were used for in vivo biodistribution. When the tumor volume reached to \~100 mm^3^, PBS or DMXAA (15 mg kg^−1^) was intravenously injected into the mice followed by injection of fAuNPs (1 mg ml^−1^, 100 μl). Then, mice in different groups (three mice per group) were sacrificed at 6 and 12 hours after injection of fAuNPs. Tumors and other main organs (liver, spleen, lung, kidney, heart, and brain) were harvested, weighed, and stored at −80°C. All the tissues were lysed in chloroazotic acid, and the Au contents were evaluated by ICP-MS analysis.

In vivo photoacoustic and photothermal imaging
----------------------------------------------

Female BALB/c mice with CT26 tumors (1 × 10^6^ CT26 cells per mouse) inoculated on their right flank were used for photoacoustic and photothermal imaging. When the tumor volume reached to \~100 mm^3^, PBS or DMXAA (15 mg kg^−1^) was intravenously injected into the mice followed by injection of fAuNPs (1 mg ml^−1^, 100 μl). Photoacoustic images were performed on a photoacoustic imaging system. Photothermal images were recorded by using a FLIR Ax5 camera under irradiation with an 808-nm laser (1 W cm^−2^).

In vivo vascular leakage and perfusion assay
--------------------------------------------

Female BALB/c mice with CT26 tumors (1 × 10^6^ CT26 cells per mouse) inoculated on their right flank were used for the vascular leakage and perfusion assay. The mice were randomly divided into three groups (three mice per group). When the tumor volume reached to \~100 mm^3^, the mice were treated with PBS, DMXAA (15 mg kg^−1^), or peTVD. The vascular leakage was studied by intravenous injection of FITC-dextran (70 kDa, 25 mg ml^−1^, 100 μl). Thirty minutes after the injection, mice were sacrificed and tumors were collected. The tumor sections were stained with anti-CD31 antibody for the blood vessels (red) and DAPI for the cell nucleus (blue). Intratumoral leakage area was estimated by calculating dextran^+^ area (green) in a percent per total area. peTVD treatment, namely, DMXAA (15 mg kg^−1^), was intravenously injected into the mice followed by injection of fAuNPs (1 mg ml^−1^, 100 μl), and the tumors were irradiated under 808-nm laser (1 W cm^−2^, 10 min) at 12 hours after injection of fAuNPs.

The vascular perfusion was assessed by intravenous injection with FITC-lectin (1 mg ml^−1^, 100 μl). Ten minutes after the injection, mice were sacrificed and tumors were collected. The tumor sections were stained with anti-CD31 antibody for the blood vessels (red) and DAPI for the cell nucleus (blue). The perfusion area was estimated by calculating lectin^+^ area (green) in a percent per CD31^+^ area (red).

Micro-CT imaging of tumor vessels
---------------------------------

Micro-CT imaging was performed to obtain the 3D structure of the tumor vessels. Female BALB/c mice with CT26 tumors (1 × 10^6^ CT26 cells per mouse) inoculated on their right flank were used for micro-CT imaging of tumor vessels. The mice were randomly divided into three groups (three mice per group). When the tumor volume reached to \~100 mm^3^, the CT26 tumor-bearing mice were treated with PBS, DMXAA (15 mg kg^−1^), or peTVD through tail vein, respectively. After 24 hours, the mice were sacrificed and perfused intracardiacally with silicone rubber radiopaque compound Microfil (CT contrast agent). Subsequently, the tumors were excised and preserved in 4% formalin. The tumor vessels were scanned with micro-CT imaging system.

Metabonomic analysis
--------------------

Female BALB/c mice with CT26 tumors (1 × 10^6^ CT26 cells per mouse) inoculated on their right flank were used for metabonomic analysis. When the tumor volume reached to \~100 mm^3^, the mice were treated with PBS or peTVD (three mice per group). After that, the tumors were collected and then stored at −80°C for later use.

Metabonomic analysis was carried out according to the previous work of our group. Briefly, 10 mg of collected tumor samples were mixed with 1 ml of extractant (acetonitrile:isopropanol:water = 3:3:2) followed by ultrasonic on ice bath for 1 min. Subsequently, the mixture was centrifuged (1300*g*, 5 min), and the supernate (800 μl) was mixed with Myristic acid-*d27* (3 mg ml^−1^, 20 μl). Then, the mixture was blow-dried (N~2~ environment) followed by addition of methoxyamine hydrochloride-pyridine (40 mg ml^−1^, 20 μl) at room temperature. Ninety minutes later, the resulting mixture was mixed with 1% trimethylchlorosilane in *N*-methyl-*N*-(trimethylsilyl) trifluoroacetamide (90 μl) and then coincubated at 37°C for 30 min. After centrifugation, the supernatant (80 μl) was collected for subsequent GC-MS analysis.

In vivo therapeutic effect
--------------------------

Female BALB/c mice with CT26 tumors (1 × 10^6^ CT26 cells per mouse) inoculated on their right flank were used to assess the in vivo therapeutic effect. The mice were randomly divided into five groups (six mice per group). When the tumor volume reached to \~100 mm^3^, the mice were treated with PBS, fAuNPs with NIR, DMXAA, fAuNPs + DMXAA, and fAuNPs + DMXAA with NIR (peTVD) through tail vein injection, respectively. Tumor volumes and body weight were measured every 2 days during the treatment.

Comparison of peTVD with clinical therapies
-------------------------------------------

Female BALB/c mice were xenografted with CT26 tumor by subcutaneous injection of luc-CT26 cells (1 × 10^6^ cells per mouse) on their right flank. The mice were randomly divided into five groups (five mice per group). When the tumor volumes reached to ∼100 mm^3^, the mice were treated with PBS, surgical resection, chemotherapy (DOX, 4 mg kg^−1^), radiotherapy (8 gray), and peTVD, respectively. The tumor growth was monitored with the bioluminescence imaging every 7 days.

Platelet aggregation assay
--------------------------

Platelet aggregation assay was studied by spectrophotometry. Briefly, platelet-rich plasma obtained from mice was mixed with the PBS (negative control), thrombin (positive control), or test samples (DMXAA and fAuNPs), respectively. The change in absorbance at 650 nm over time was monitored by a UV-vis spectrophotometer.

Hemolysis assay
---------------

Blood samples were obtained from the heart of mice by using blood collection tube containing Na-heparin as an anticoagulant. Then, blood samples (100 μl) were respectively added into PBS (900 μl, as negative control), deionized water (900 μl, as positive control), DMXAA (15 mg kg^−1^, 900 μl), and fAuNPs (1 mg ml^−1^, 900 μl). After coincubation in shaking incubator at 37°C for 4 hours, the mixtures were centrifuged (300*g*, 5 min) to remove unbroken red blood cell and the clots. Subsequently, the supernate was added into a 96-well plate followed by measuring their absorbance at 540 nm. The data are presented as means ± SD in triplicate.

Blood coagulation tests
-----------------------

To evaluate the blood compatibility of peTVD, blood coagulation indices were tested. Female BALB/c mice with CT26 tumors (1 × 10^6^ CT26 cells per mouse) inoculated on their right flank were used for the blood routine examination and blood biochemistry analysis. The mice were randomly divided into three groups (three mice per group). When the tumor volumes reached to \~100 mm^3^, the mice were treated with PBS, fAuNPs, and peTVD via intravenous administration, respectively. The blood samples were collected from the heart and added to the anticoagulant tube. The sample was then centrifuged at 3000 rpm for 15 min to separate the plasma. The blood coagulation indices (including APTT, PT, fibrinogen-FIB, and TT) were tested.

Blood routine examination and blood biochemistry analysis
---------------------------------------------------------

To evaluate the blood compatibility of peTVD, blood biochemical indexes and blood routine indexes were tested. Female BALB/c mice with CT26 tumors (1 × 10^6^ CT26 cells per mouse) inoculated on their right flank were used for the blood routine examination and blood biochemistry analysis. The mice were randomly divided into three groups (three mice per group). When the tumor volumes reached to \~100 mm^3^, the mice were treated with PBS, fAuNPs, and peTVD via intravenous administration, respectively. Seven days after administration, blood samples were collected from the heart (100 μl each mouse). The blood routine examination was carried out by Auto Hematology Analyzer (MC-6200VET), and blood biochemistry analysis was performed by biochemical auto analyzer (MNCHIP, Tianjin, China).

Statistical analysis and sample collection
------------------------------------------

Significance among more than two groups was calculated using analysis of variance (ANOVA) Tukey's test by using SPSS 22.0. For cell experiments and in vivo experiments, investigators performing operations were blinded to treatment groups. In in vivo experiments, animals were randomly divided into different groups.
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